For broadband and sensitive detection of acoustic waves, the surface plasmon resonance (SPR) can be used, which responds to variations of dielectric properties in close proximity to a metal film supporting surface plasmon waves. When an acoustic wave is incident onto a receiving plate positioned within the penetration depth of the surface plasmons, it creates displacements of the surface of the plate and thus modulates the dielectric properties, affecting the SPR and the reflection of the incident light. Here we study characteristics and determine the optimal configuration of such an acousto-optical transducer with surface plasmons for efficient conversion of an acoustic signal into an optical one. We simulate the properties of this transducer and present estimates showing that it can have a large frequency bandwidth and high sensitivity.
INTRODUCTION
A variety of optical methods for detection of acoustic waves are used in ultrasonics and photoacoustics [1] . Such methods can be contact-free and provide high sensitivity and temporal resolution. For detection of surface perturbations, the probe beam deflection method [2, 3] and interferometric detection [4, 5] were successfully employed. Although most of these methods require surfaces to be of good optical quality to ensure a specular reflection, different approaches for detection of acoustic oscillations on rough surfaces were also developed [6] . For registration of elastic bulk waves, in particular shock waves, optical detection gives the possibility of studying field distributions, since spatial localization of the detection region is controlled by the proper positioning of the probe laser beam [6, 7] , and for visualization of acoustic transients, high temporal resolution can be achieved by using short laser pulses [8] .
The application of the surface plasmon resonance (SPR) effect for the detection of acoustic waves was proposed and studied in [9, 10] , where the laser-generated acoustic pulses were detected at the SPR conditions in the Kretschmann configuration. It was pointed out that this technique has high sensitivity on a nanosecond time scale and can be used for imaging of the acoustic pressure distribution. In this approach, the sensitivity of the SPR response relies on the pressure dependence of the refractive index of the external medium (water), which is adjacent to the metal film supporting surface plasmons (SPs) [11] . An optical broadband detection of ultrasound with SPs was used for photoacoustic microscopy [12] . The SPR technique was also employed for measuring gas pressure variations [13] . Direct measurements of displacement in acoustic waves are possible in the Otto configuration of the SPR, and in addition, phase changes of the reflected light can also be used for the detection of acoustic waves [11] .
Here we calculate the acoustic sensor characteristics in a special Kretschmann configuration with an additional receiving layer. This arrangement works as a displacement sensor. It has a large bandwidth and high sensitivity. We present the analysis of characteristics of this acousto-optical sensor with surface plasmons at two optical wavelengths, 633 and 800 nm. The optimal realization of this transducer is discussed for two cases: (1) for detection of short broadband acoustic pulses, such as shock waves [14, 15] , and (2) for a modification of the sensor enabling sensitive detection of sound at lower frequencies, which is also suitable for photoacoustic spectroscopy [16] .
SENSOR CONFIGURATION AND THE SPR IN A MULTILAYERED STRUCTURE
The schematic of the proposed sensor is shown in Fig. 1 . The arrangement consists of a glass prism, an adjacent gold film, a spacer, and a receiving plate. For realization of the SPR in the Kretschmann configuration, a prism is in optical contact with the metal (gold) film [17] . The light is incident through a prism on the metal film. The resonant excitation of SPs by an optical wave takes place at the SPR angle (θ r ), at which the phase velocity of the surface trace of the incident wave matches that of the SP wave. The field of the excited SP decays away from the gold film. The arriving acoustic wave induces a displacement Δζ of the receiving plate surface located in proximity to the gold film.
To calculate the effect of the displacement Δζ, it is necessary to have a model for light reflection from a multilayered structure (the inset of Fig. 1 ). In his seminal paper, Kretschmann provided a solution for up to four layers [17] , however we will use a more compact iterative description for an arbitrary number of layers. The intensity reflection coefficient R can be described with recursive formulas [18] :
and for each layer m the input impedance Z in,m and layer m impedance Z m are given by
where we limit the number of layers to five, as shown in Fig. 1 , with
In these expressions λ is the light wavelength, θ is the incidence angle of light onto the prism-gold interface, and k is parallel to the interface component of the light wave vector. In general, the structure of the sensor (Fig. 1 ) has five layers: layer 1 consists of a prism with dielectric permittivity ε 1 (its thickness is assumed to be infinite, and we assume p ε 1 1.51), layer 2 is a gold film of thickness d 2 and a complex permittivity ε 2 (for λ 633 nm we assume ε 2 −13.2 i1.25, and for λ 800 nm we accept the value ε 2 −26 i1.86), layer 3 is an air gap of thickness d 3 , layer 4 is the receiving plate (RP) with the dielectric permittivity ε 4 and thickness d 4 , and layer 5 is the external medium. Since the RP should be positioned within roughly one light wavelength from the gold film, a spacer can be used, which can be deposited on a gold film in the peripheral areas not used for the detection. Practically, the thickness of the receiving plate is at least several micrometers, which substantially exceeds the penetration depth of the SP field for considered optical frequencies and is on the order of an optical wavelength. Therefore, for the calculation of the SPR effect, the RP can be accepted as semi-infinite. Since the incidence angle is assumed to be larger than the angle of the total internal reflection, the calculation of the SPR response becomes independent of the parameters of the fifth layer. The effect of the displacement Δζ on the SPR curve and some of the notations are shown in Fig. 2 . The calculation was performed for λ 800 nm, n 1 1.51 and Δζ 100 nm (a positive displacement is toward the gold film). In this calculation, we assumed the thickness of the gold film to be d 2 44 nm, which corresponds to the most pronounced SPR resonance without the RP (deepest minimum of the reflectance) for λ 800 nm. The comparison of the SPR curves with and without the RP (solid blue line and black dashed line, respectively) shows that the parameters optimal for the detection without the RP are not optimal for the proposed configuration with the RP. Therefore, further in the paper we perform calculations to determine the optimal parameters specifically for the configuration that we propose.
As a result of the displacement of the RP, the SPR curve is changing. To quantify this change we will investigate two approaches. First, the change at the minimum ΔR min can be detected with a photodiode, capturing light just in the vicinity of ΔR min . The second approach is to detect the change of the reflectivity at the steep slope of the SPR curve. The signal can almost be doubled by using a split photodiode such that one Fig. 1 . Schematic of the acousto-optical sensor with surface plasmons. The arrangement consists of a glass prism (PR), an adjacent gold film (GF), a spacer (SPA), and a receiving plate (RP). The field of the excited SP decays away from the gold film. The acoustic wave (AW) induces displacements of the RP face close to the GF, which results in a quantifiable modification of the SPR curve, featuring the resonance by a dip in the dependence of the intensity on the incidence angle θ. The inset on the right shows a schematic of layers with notations for the dielectric constants and thicknesses of the layers. Fig. 2 . Illustration of the sensor response to a displacement Δζ 100 nm of the RP surface. The solid blue line is the SPR curve at the initial RP position, and the blue dashed line is the SPR curve resulting from the displacement. The black dashed line is the SPR curve without the RP; it shows a more pronounced resonance. The displacement Δζ produces a modification of the SPR curve. To quantify the changes, two measures are used: a change ΔR min of the R min value and the difference ΔR 2 ΔRθ 1 − ΔRθ 2 , which for narrow resonances can be related to the angular shift of the SPR minimum, Δθ min . The calculation is performed for d 2 44 nm, n 4 p ε 4 1.5, part of the photodiode detects the reflected light near the steep negative slope of the SPR curve, and the other one is positioned to detect the light near the angle of the steep positive slope of the SPR curve (at angles θ 1 and θ 2 for negative and positive slopes, respectively, as shown in Fig. 2 ). Such a detection scheme allows for very fast detection [19] and together with the determination of ΔR min , it will be analyzed in further calculations. Note that a photodiode array can also be used for the detection, in which case the angular displacement of the minimum Δθ min can be determined by using an appropriate calculation procedure. However, this approach is more suitable for a slower detection rate [20] and will be not considered here.
THEORETICAL DESCRIPTION OF THE DETECTION LIMIT AND SENSITIVITY OF THE SENSOR
To estimate the sensitivity of the sensor, first, we will estimate the minimal variation of the reflection coefficient that can be detected. The current signal on the photodetector is due to the difference ΔR Rd 3 − Δζ − Rd , describing the variation of the reflectance resulting from the displacement Δζ produced by the acoustic wave, that is [21] I s P 0 eη∕hνΔR,
where e is the electron charge, P d ≈ RP 0 is the probe laser power at the photodetector, P 0 is the incident laser power, η is the quantum efficiency, h is the Planck constant, and ν is the optical frequency. We select the positive sign for the displacement Δζ directed toward the gold film. Note that such a choice corresponds to an arrival of a compression front of an acoustic wave. For the determination of the variation ΔR the error due to noise is
The sum Rd 3 − Δζ Rd 3 appears, since the errors in the difference ΔR determination add up; here we assume that the shot noise is dominating and Δf is the detection bandwidth. By equating I s I n , we obtain the minimal detectable variation of the reflection coefficient:
Taking into account the relation ΔR ΔR∕ΔζΔζ with ΔR Rd 3 − Δζ − Rd 3 , we obtain for the detection limit of the RP displacement
The quantity Δζ min is the smallest when the factor
is the largest. Thus, the parameter S 1 can be considered as the merit factor of this measuring approach, and for sensitive detection it should be maximized. In the second approach, the change of the SPR curve is quantified by placing two photodiodes (or a split photodiode) at the two steep slopes of the SPR curve and connecting them in a differential scheme. The response is then determined by the expression
where P 1 represents the powers of the light sent to the gold film in the vicinities of the angles around angular positions θ 1 and θ 2 ( Fig. 2 ) that are intercepted by the photodetectors and that for simplicity are assumed to be equal;
is the differential reflectivity change due to reflectivity variations at the angular positions θ 1 and θ 2 .
Equating the signal and the noise currents for this case, we obtain for the detection limit of the displacement
where
and we have introduced the merit factor
for measuring changes of the reflectivity at the steep slopes of the SPR curve. For small displacements Eq. (11) can be approximated as
When the SPR curve is relatively narrow, the factor ΔR 2 can be estimated as
where R max and R min are the maximum and the minimum of the SPR curve ( Fig. 2 ) and θ FWHM is the width of the SPR curve at the middle of the SPR curve for the reflectance value R m ≈ R max R min ∕2. In this case for the signal current we obtain
With Eq. (12) we get an approximation
where the approximate expression for the merit factor of the detection is
The detection limits for the displacement of Eqs. (7) and (10), determined by the variations ΔR min and ΔR 2 have similar forms, showing that the detection limit is inversely proportional to the merit factors S 1 and S 2 , respectively. The values of S 1 and S 2 take into account the characteristics of the SPR response and can be evaluated using expressions for the reflection at the SPR by calculating the changes ΔR min and ΔR 2 , when the gap between the gold film and the RP is reduced by a known value Δζ. Consequently, to optimize the detection sensitivity of acoustic waves we will use the above SPR model to find the maxima of two main characteristics: (1) the merit factor S 1 related to the change of the minimum value, ΔR min , and (2) the merit factor S 2 , corresponding to the differential reflectivity change at the angles θ 1 and θ 2 . For a given configuration of the sensor most of the parameters are fixed. The choice of gold is determined by its excellent properties, which ensure sensor characteristics unchanged with time and the well pronounced SPR effect at optical frequencies. The calculations are performed for two wavelengths: 800 nm, which is readily available for Ti:sapphire and diode lasers, and 633 nm, typical for He-Ne lasers and also common for diode lasers. The three parameters that can be varied are the thickness of the gold film d 2 , the width of the air gap d 3 , and the refractive index of the receiving plate n 4 ffiffiffiffi ffi ε 4 p , since the material of the plate can be chosen as needed.
OPTIMIZATION OF THE SENSOR MERIT FACTORS AND RESPONSE
A. Dependence of the Merit Factor S 1 on d 2 , n 4 , and d 3
The merit factor S 1 was calculated for a range of parameters n 4 , d 3 for different thicknesses d 2 and the dependence of the (n 4 , d 3 )-optimized merit factor jS 1 j on the gold film thickness is depicted in Fig. 3(a) , which shows that the value d 2 16 nm is close to optimal for λ 800 nm. Here and further in the paper the calculations were performed directly for a grid of the parameters d 2 , n 4 , and d 3 with small steps, and in this way the absolute maxima were found for the indicated ranges of parameters. The dependence of the merit factor jS 1 j on n 4 and d 3 for the optimal thickness of the gold film d 2 16 nm is shown in Fig. 3(b) as a density plot in false colors, which was calculated for a fixed displacement Δζ 10 nm. S 1 is changing the sign in the plotted range at about d 3 ≈ 0.4 μm, where with the increase of the gap d 3 the response ΔR min to a small positive displacement Δζ changes from positive to negative. For better viewing we plotted the absolute values of S 1 . For different n 4 the optimal values of d 3 are shown by small white dots, and the corresponding d 3 -optimized values of the merit factor jS 1 j for an interval of n 4 values are shown in Fig. 3(c) .
The line of these dots in Fig. 3 (a) at n 4 1.5 drops from the gap values of about 0.48 μm to about 0.305 μm because the maximal values of jS 1 j with increasing n 4 start realizing for positive rather than for negative values of S 1 . The overall maximum of jS 1 j 2.64 × 10 −3 is realized at the optimal refractive index value n 4 1.4 and the gap value of d 3 0.49 μm; this point is indicated in Fig. 3(b) by a large white dot. The peak of this maximum is not sharp, and the values are rather gradually decreasing with deviations of n 4 and d 3 from the optimal values. The results of the n 4 , d 3 -optimized merit factor jS 1 j at λ 633 nm for different gold film thicknesses d 2 are shown in Fig. 4(a) . Research Article optimal thickness of the gold film d 2 22 nm. Again for each value of n 4 the optimization over d 3 -values was performed, and the corresponding points are shown as small white dots in Fig. 4(b) , while the d 3 -optimized values of the merit factor jS 1 j are shown in Fig. 4(c) . The overall maximum of jS R, max j 3.56 × 10 −3 nm −1 is realized at the optimal gold film thickness d 2 ≈ 22 nm with the refractive index value n 4 1.52 and the gap value d 3 0.25 μm; this point is indicated by a large white dot in Fig. 4(b) .
B. Dependence of the Merit Factor S 2 on d 2 , n 4 , and d 3 Similar calculations were also performed for the merit factor S 2 of Eq. (11) . The dependence of the optimized jS 2 j on the gold film thickness for λ 800 nm is presented in Fig. 5(a) , showing that the maximum is reached at d 2 ≈ 25 nm. The Fig. 5(b) . The overall maximum value jS 2 j 1.02 × 10 −3 nm −1 is reached at n 4 1.38 and d 3 0.87 μm.
For λ 633 nm the results of the similar calculations for S 2 are shown in Fig. 6 . The gold film thickness d 2 ≈ 29 nm is optimal and corresponds to the maximal value jS 2 j 1.19 × 10 −3 , which is reached at n 4 1.41 and d 3 0.61 μm.
The optimal merit factors S 1 and S 2 and the respective parameters for the two wavelengths from Figs. 3-6 are presented in Table 1 .
C. Linearity of the Response
For accurate measurements of acoustic waves without the need to recalibrate the measured waveforms, the response of the sensor should be preferably linear. In Fig. 7 the plots of the response of the sensor for the two modes of detection are shown for the optimal parameters presented in Table 1 . Figures 7(a) and 7(b) show a variation of the reflection coefficient ΔR plotted versus displacement of different amplitudes Δζ for the two wavelengths 800 and 633 nm.
Although the merit factors are maximal for the parameters of Table 1 Table 2 , which also indicates the linearity range defined as the maximal magnitude of the displacement Δζ, for which the response is linear within 10%.
As Fig. 8 shows, within the limits of jΔζj ≤ 0.2 μm the response can be almost linear. For larger magnitudes of displacements the response flattens and can even reverse the slope. For small gap values the changes of the spacing d play a relatively larger role, which enables more sensitive detection. On the other hand, the region of the linear response and the dynamic range decrease. Two main factors affect the response: (1) the receiving plate with the refractive index larger than that of the gap medium (air) influences the phase velocity of SPs, and this effect is larger when the plate is closer to the gold film, and (2) the presence of the plate also changes the radiative losses, since some portion of the electromagnetic field can be reflected; taking into account the penetration depth of SPs, this portion is larger when the gap size is smaller. At certain value of d 3 the responses ΔR and ΔR 2 can change the sign. A possible reason for this change is the variation of the radiative losses relative to the internal losses in the metal film. The values of parameters presented in Table 2 provide a compromise between achieving higher sensitivity and ensuring a broad linearity range.
ESTIMATES OF THE SENSOR CHARACTERISTICS A. Broadband Detection
From Eqs. (7) and (11) the minimal detectable displacement Δζ min can be estimated. As can be seen from Tables 1 and  2 , the merit factors of about 10 −3 nm −1 can be realized for both responses ΔR and ΔR 2 . For more accurate detection, the initial pulse can be split into a signal and a reference (not interacting with SPs) pulse, which can be used for normalization of the response. Only p-polarized light interacts with SPs [17] . Therefore when using light with both s-and p-polarization components, the s-polarized light can be used as a reference for normalization and suppression of the effect of the light power fluctuations. If we assume that the detection is done with an optical probe pulse of 0.05 mJ energy on the photodetector and 200 ns duration, then for an acoustic pulse in the bandwidth of 1 GHz we obtain the detection limit Δζ min ≈ 6 × 10 −2 nm. Assuming that the spacer is placed at a distance from the center much larger than the thickness of the gap, the RP surface still can be considered as having a free boundary condition in the center. Taking into account the relation of the displacement of the boundary of the RP Δζ and the stress σ, Δζ ≈ 2ρc 1 −1 R t −∞ σdt, and assuming for an estimate ρ ≈ 2.5 gcm −3 and c 1 5600 m∕s, the respective value of the minimal detectable stress change is σ min ≈ 4 bar. We note that the range of the linearity for displacements (about 200 nm for pressure of ∼3000 bar ) can practically be limited by the compressive and tensile strength of the RP material.
B. Detection of Low Frequency Acoustic Waves
So far, considering the response of the sensor, we assumed that an acoustic wave close to a plane wave within the detection spot propagated in the bulk material of the RP. The displacement of the RP surface was directly related to the stress produced in the material. Since the elastic moduli of solids are high, to have a measurable displacement the stress had to be sufficiently high.
For detection of low frequency waves in air or in a liquid, another approach can be used. If the RP is sufficiently thin, it behaves like a membrane. When an acoustic wave arrives, the RP will bend so that its central portion will be displaced relative to the gold film. If the SPR effect is realized such that the SP field extends to the surface of the RP, it will sense oscillations of the surface that will result in modulation of the reflected laser beam. The difference compared to the approach discussed previously is that the flexural oscillations of the membrane will be detected rather than just the longitudinal oscillations in the RP. In this case the sensitivity to the external stress on the membrane can be much higher than for the stress produced in an acoustic longitudinal wave propagating in the bulk material. However, for a membrane the spectral bandwidth can be limited to relatively low frequencies. Since the thickness of the membrane is typically at least several microns [22] , for the optical interaction with SPs it still can be considered much thicker than the penetration depth of SPs, and the same model with infinitely thick outer layer for the SPR can be used. However, for the calculation of the displacement in the low frequency regime, it will be important to take the finite thickness of the membrane-like RP layer into account. For a membrane with tension σ, thickness d , and radius a, the displacement (Fig. 4 )
1.52 0.25 29 1.41 0.61 Fig. 8 . Realizations of the large linearity ranges of the sensor response to the displacement Δζ for parameters presented in Table 2 : (a) and (b) for ΔR min and the optical wavelengths λ 800 nm and λ 633 nm, respectively; (c) and (d) for ΔR 2 and the optical wavelengths λ 800 nm and λ 633 nm, respectively. The solid blue lines show the response ΔR for (a), (b) and ΔR 2 for (c), (d). The dotted red lines depict the fitted linear dependences, and the vertical dashed lines show the limits within which the response deviates from linear dependences by less than 10%.
(a) (c) Fig. 7 . Variation of the responses ΔR min and ΔR 2 to displacements Δζ of different magnitudes for the optimal parameters shown in Table 1 under the action of an external pressure difference on both sides of the membrane Δp is [22] Δζ pa 2 4σd :
We assume that the response time of the membrane is much faster than the characteristic periods of the incident acoustic wave. Consequently, all previous calculations can be used in this case as well. Thus, the sensitivity in this case is determined by
Accepting a typical value for the merit factor S 10
and a 0.1 cm, Δf 10 kHz, σ 10 6 Pa, d 10 μm, and P 0 10 mW we obtain the following estimate for the minimal detectable pressure: Δp 2 × 10 −3 Pa. For practical realization, a membrane made of a plastic material polyester (mylar) [23] can be used, which has a refractive index in the optimal range of about 1.54.
DISCUSSION AND CONCLUSIONS
The arrangement that we proposed responds to displacements, similar to the Otto configuration that was investigated for detection of acoustic waves [11] . In the studied previously Otto and Kretschmann configurations [9] [10] [11] , acoustic waves directly interact with the metal film. Such interactions at high acoustic amplitudes can lead to detachment (spallation) of the metal film from the substrate. In the arrangement with the RP that we proposed, the metal film supporting SPs does not directly interact with the acoustic waves.
It is of interest to compare different configurations with SPR for detection of acoustic waves. According to the quantity that is producing the signal, two cases can be distinguished: (1) the displacement of the boundary due to the arriving acoustic wave is measured and (2) the change of the refractive indices of the media affecting the SPR is measured. The first case can be realized with the Otto configuration [11] and in our arrangement with the RP. The signal depends on the difference of the refractive indices of the RP and the medium (air) filling the gap and also on the displacement of the boundary between these two media. Since the changes of the refractive index take place at a certain distance from the metal film, an additional decay factor K exp−k z,3 z < 1 should be introduced. The calculations show that for the selected refractive index of the prism ε 1 1.51 the merit factors increase (the sensitivity improves) with the increase of the refractive index up to n 4 ≈ 1.4, at which point (Δn 4,s n 4 − 1 ≈ 0.4) this increase starts showing saturation. Thus, the signal in case (1) can be approximately characterized by the proportionality relation A 1 ∝ K Δn 4 Δζ, where Δn 4 Maxn 4 − 1, Δn 4,s , and the boundary displacement can be estimated as Δζ ≈ p∕ρcτ, where τ is the duration of the acoustic pulse. In the second case, which can be realized with the Kretschmann configuration [9] [10] [11] , the arriving acoustic wave causes variations of pressure affecting the refractive indices of the involved media. Thus, the signal depends on the change of the refractive index within the penetration depth of SPs, which for estimates can be accepted as half of the light wavelength λ. Assuming that the largest contribution comes from the medium adjacent to the metal film (which we accept for this estimate as in previous considerations [9] [10] [11] to be a condensed matter) and that the acoustic wavelength is larger than the penetration depth of the SP field, for the signal we have A 2 ∝ Δn 3 λ∕2, where the change Δn 3 is caused by the variation of pressure, Δn 3 Δn 3 ∕ΔpΔp; Δp is the induced pressure amplitude. Then for the ratio of the signals measured in cases (1) and (2) [24] and solids (fused silica) Δn 3 ∕Δp 4.7 × 10 −12 Pa −1 [25] , we obtain estimates A 1 ∕A 2 ≈ 2 and A 1 ∕A 2 ≈ 7, respectively. Thus, the detection of the displacement can be expected to be more sensitive for accepted parameters, while for a larger parameter Δn 3 ∕Δp and even shorter acoustics pulses the sensitivity of the second mode of detection relatively improves.
For practical use of the sensor, the launching of the acoustic wave in the RP must be accomplished. If acoustic waves are excited directly in the RP, no coupling will be necessary. However, if acoustic waves are generated in a different medium, then a standard calculation of the transmission through the boundary should be taken into account. In this case, the impedances of the two media should be preferably close for better transmission. For short acoustic pulses to avoid the effect of reverberations, a larger thickness of the RP can be selected so that the propagation time in the RP is larger than the duration of the acoustic pulse. Our calculations have shown that the value of the refractive index of the RP is not very critical and the sensitivity of the detection only slightly depends on this parameter when it noticeably exceeds the refractive index of Research Article the gap medium. Since the main response comes from the displacement of the RP boundary, it is beneficial for the detection to have the acoustic impedance of the RP medium relatively low while the refractive index is in the range (1.3-1.7). Also, the material of the RP should have a high degree of homogeneity to reduce scattering and also relatively small absorption of acoustic waves. At high amplitudes of the acoustic pulses a spallation at the RP surface can occur, and therefore, the tensile strength of the RP material should have a high value in this case. To avoid additional losses in the system due to the absorption of the scattering of light, the surface of the RP facing the gold film should have low roughness. Many media can satisfy these requirements, including the considered example of fused silica.
We have shown that displacements of the RP due to arriving acoustic wave change the dip in the reflection (SPR curve) due to the excitation of SPs. Two main factors affect the response when the distance between the gold film and the RP changes: (1) the variation of the losses that strongly affects R min as well as the factor S 1 and (2) the effect of the RP on the phase velocity of SPs, in particular an angular shift of the SPR curve, significantly contributing to the value of the merit factor S 2 . For a standard SPR configuration, the ratio of internal and radiative losses is determined by the thickness of the metal film: for thicker films the internal losses increase, while the radiative losses decrease. The presence of the RP alters the losses, since some portion of the electromagnetic field can leak into the RP. Taking into account the penetration depth of SPs, this portion is larger when the gap size is smaller. The calculations without the RP show that the thicknesses of the gold film for the most pronounced SPR are d 2 44 nm for λ 800 nm and d 2 47 nm for λ 633 nm. Since the introduction of the RP in proximity to the gold film leads to additional losses of the SP field, the realization of a strongly pronounced SPR requires thinner metal films in this case. Indeed, a strong mismatch between radiative and SP losses leads to shallow resonance dips, which also give weak responses ΔR min and ΔR 2 to RP displacements. The effect of adding the RP is seen in Fig. 2 , where for λ 800 nm and a gap equal to half the wavelength, the SPR dip is not fully pronounced with R min ≈ 0.4. On the other hand, when the radiative losses balance the losses of the SP field, the value of R min is expected to be minimal, and the merit factor S 1 is changing the sign (this corresponds to a certain critical value of the gap d 3 d 3,c ≈ 0.40 μm in Fig. 3(b) and d 3,c ≈ 0.32 μm in Fig. 4(b) , where the factor S 1 crosses zero). The reason for this sign change is the variation of the losses. Moving the RP closer to the gold film for values d 3 > d 3,c increases the total losses and leads to a more pronounced resonance, which results in lower values of the R min , and thus in a negative merit factor S 1 . For gap values d 3 < d 3,c , further reduction of d 3 leads to an increasing R min , which means a positive factor S 1 . A similar behavior is also observed in Fig. 4 above and below the gap value d 3,c ≈ 0.32 μm. The positioning of the RP relatively far from the critical value d 3,c leads to a shallow SPR. In addition, for d 3 ≥ λ the response is decreasing due to the decay of the SP field. Consequently, two maxima of jS 1 j are observed above and below the value d 3,c , as is seen in Figs. 3(b) and 4(b) . We can also conclude that decrease of the wavelength leads to a decrease of both d 3,c and the optimal gap value.
For the case of merit factor S 2 , the response with the RP displacement is affected by the angular shift of the SPR curve and by broadening of the resonance when the thickness of the gold film is not optimal and the balance of the radiative and SP losses is broken. In addition, the considerations of the decaying SP field with increasing d 3 are also valid. For each value of the refractive index there is also a value of the gap d 3,c , where the factor S 2 goes to zero and changes the sign. This takes place within intervals d 3,c ≈ 0.48-0.45 μm for λ 800 nm, and d 3,c ≈ 0.38-0.36 μm for λ 633 nm with a slight decrease of the d 3,c , -value for larger refractive index n 4 of the RP.
The relative change of the reflectivity, as was used in previous papers [9] [10] [11] , is not a good measure of the response sensitivity when the reflectivity is close to zero, since this characteristic becomes infinitely large, while in reality the strong reduction of the reflectivity leads to a reduction of the signal-to-noise ratio. The introduced merit factors can describe the detection limit even when the reflectivity is close to zero. In addition, they also take into account the shot noise. The higher values of the reflectivity for the detection mode related to variations at the steep slopes of the SPR curve result in a higher noise level and somewhat lower values of the merit factor jS 2 j (compared to jS 1 j) at the maximum.
We note, for a smaller gap d 3 , the same displacement of the RP plays a relatively larger role, which can enable a more sensitive detection. Indeed, the calculations for smaller n 4 and d 3 show that even higher values of the merit factors than are shown in Table 1 can be reached for n 4 ≈ 1.1 and d 3 ≈ 0.17 μm. However, such small values are hard to realize; therefore we are not discussing this possibility here. Also for smaller d 3 the range of the quasilinear response and the dynamic range decrease. By selecting the appropriate thickness of the gold film and the gap value, the linearity range can be increased up to 200 nm while preserving only a small reduction of the merit factors (Table 2) . Therefore, there is a compromise between linearity and sensitivity, which can be adjusted according to the requirements to the detector.
The estimates have shown that for a broadband detection in the frequency interval of 1 GHz the detection limit of 4 bar can be reached, while for audible frequencies for a 10 kHz bandwidth the sensitivity can be extended down to 2 × 10 −3 Pa. Thus, the proposed approach of the detection of acoustic waves can provide high sensitivity, broad bandwidth, and a large detection linearity range.
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